In recent years, composite scintillators consisting of nanosize inorganic crystals in an organic matrix have been actively developed.
INTRODUCTION
Traditionally, the light yield of a scintillator has been found by comparing its radioluminescence (RL) intensity with that of a reference sample. 8, 9 In making this comparison, it is assumed implicitly that the amount of energy deposition in both samples is equal. This assumption holds true if the scintillators being compared are similar in composition in terms of Z and density. For example, if inorganic crystals are being compared, full energy deposition from the x-rays can be assumed due to the crystals' high Z and density. However, in the case of samples containing size reduced inorganic crystals, this particular assumption may not hold true.
During the production phase of size-reduced inorganic crystals, only a small amount of material is dispersed and suspended in a large volume of organic solvent. Due to the low density and low Z of the solvent, only a fraction of the excitation x-rays interact and deposit energy during a RL measurement. Furthermore, energy deposited in the solvent is not transfered to the inorganic crystals. For these reasons, the traditional light yield comparison technique should be modified to include only energy deposited in the inorganic crystals, where luminescence occurs.
LIGHT YIELD MEASUREMENT TECHNIQUE
The light yield measurement method develop by Li et al. 7 consists of normalizing the RL measurement response of samples containing milled inorganic crystals with a factor that accounts for energy deposition in the inorganic crystals. With the technique described, the ratio of the light yield between two scintillators is given by (1) , where Y is the light yield of the inorganic crystals, C is the RL intensity measured for the sample, E * is the energy deposition in only the inorganic crystals in a sample, and the subscripts 1 and 2 denotes the different samples.
The RL intensities are obtained through RL experiments, and the inorganic crystal energy deposition fraction is defined in (2) . In (2) , E dep is the total amount of energy deposited in the entire sample, and E frac is the fraction of energy deposited in the inorganic crystals. The total energy deposition is obtained from a combination of Monte Carlo N-particle Transport Code (MCNP5) 10 and Geant4 11, 12 simulation, and the energy deposition in each component is obtained with the calculation described in Section 7.
The error associated with the light yield ratio can be found by using error propagation on (1), 13 and it is given by (3). In (3), σ C is defined to be the uncertainty associated with the measured RL intensity, and σ E * is the error associated with the energy deposition fraction, defined by (4) .
In both the simulation and the energy deposition calculation, the concentration of inorganic crystals in each sample is needed, and it is found through the use of x-ray fluorescence (XRF). In this work, the light yield measurement technique developed by Li et al. 7 is applied to a system containing milled BaFCl:Eu inorganic crystals in a tributyl phosphate (TBP) and cyclohexane mixture. The light yield ratio of each milled sample is found with respect to an unmilled sample using (1) and (2) , and the error of the ratio is found using (3) and (4) . The details of the milling experiment, and the procedure to obtain each term of (1) is described below.
MILLING EXPERIMENT
For milling the crystals, a Dissolver Dispermat LC 55 dispersion system manufactured by VMA-Getzmann GmbH was used in open atmosphere. The Dispermat system consists of a container and a rotor shaft that allows for different attachments to be used. The milling solvent, the crystals, and the milling media are all mixed in the container provided with the Dispermat system. Using a special bead milling head, the crystals and solvent are ground with the media in the closed container in open atmosphere. The container is zirconia lined and may be cooled using an external cooler; the milling head is made entirely of zirconia. Once the milling operation is completed, the container may be detached from the system and the milled product may be recovered with a sieve.
An initial mixture of 6.0085 (±0.0001) g of BaFCl:Eu inorganic crystal powder, 8.5 (±0.05) mL of TBP, and 192.0 (±1.0) mL of cyclohexane were placed in the milling chamber along with 200 (±10) mL of zirconia beads. The mill was operated at a speed of 2000 rpm, corresponding to a linear speed of 6.28 m/s at the edge of the milling head, for a continuous period of 48 hours. The temperature of the milling chamber was held at a constant 18 o C during the milling process. After 48 hours of continuous milling, the mill was stopped for 2.5 hours to allow for the mixture to be sampled and characterized. During this intermediate sampling step, 25 (±1.25) mL of the mixture was sampled and characterized. At the end of the 2.5 hours, 40 (±2) mL of cyclohexane was added to the milling chamber, and milling was resumed at a speed of 2000 rpm. After 24 hours, another 40 (±2) mL of cyclohexane was added to the milling chamber. The mill was stopped and the mixture was collected after a total milling period of 96 hours. During the collection process, the milled BaFCl:Eu mixture was separated from the media using a 20 μm sieve.
After the milled product was collected, a sample of the mixture was size-selected using a Thermo Scientific CL2 centrifuge. After centrifugation, the supernanant was decanted off into a separate container and was concentrated through solvent evaporation. Through this process, three samples with different size distributions were made. Sample 1 was prepared by first centrifuging 25 (±1.25) mL of the milled BaFCl:Eu/TBP/cyclohexane mixture for two minutes at 3.8 krpm, 20 (±1.25) mL of the supernanant was separated from the precipitates by decanting. Then, the sample was sonicated for 20 minutes after about 0.5 (±0.005) mL of TBP and 3 (±0.5) mL of cyclohexane had been added to the sample. Sample 2 was prepared by first centrifuging two 25 (±1.25) mL tubefuls of the milled mixture for 20 minutes. The precipitant was re-dispersed in the sample through shaking and sonication for 30 minutes. Then, the sample was centrifuged for another 25 seconds at 3.8 krpm, and two 20 (±1.25) mL samples containing the supernanant were collected through decanting. Sample 3 was prepared by first centrifuging 25 (±1.25) mL of the milled BaFCl:Eu/TBP/cyclohexane mixture for two minutes, 20 mL of the sample was separated from the precipitants by decanting. The sample was concentrated down to about 5 (±1) mL through evaporation. The concentrated sample was then re-dispersed in 15 (±0.5) mL of cyclohexane through shaking and then sonication for 30 minutes. The redispersed sample was centrifuged again for two minutes at 3.8 krpm, and finally the supernanant was decanted off and collected.
Lastly, a fourth sample containing unmilled BaFCl:Eu crystals in TBP/cyclohexane was also produced. The preparation for sample 4 involved mixing 0.3510 (±0.0001) g of BaFCl:Eu powder with 1 (±0.5) mL of TBP and 20 (±1) mL of cyclohexane. The mixture was sonicated for 30 minutes, and then allowed to settle for 10 minutes. After settling for 10 minutes, a 4 (±1) mL sample was drawn off the mixture. The sample was taken away from the bottom where the big particles had settled.
For each sample, the 10%, 50%, and 90% diameters were determined through 10 measurements using dynamic light scattering (DLS). For each diameter, the mean and standard deviation were calculated, and the results are listed in Table 1 . 
RADIOLUMINESCENCE
The radioluminescence apparatus is composed of a PANalytical PW2275/20 x-ray tube, a PANalytical PW3830 x-ray generator, and a Princeton Instruments SpectraPro 2300i spectrometer. The PW 2275/20 x-ray tube uses a molybdenum target, and has a 0.3 mm thick beryllium window. The take-off angle of the x-ray beam is 6
• , and the focal spot on the Mo target is 12 mm x 4 mm.
14 Typically, the x-ray tube is operated at 50 kV and 40 mA.
The samples were irradiated for 4 seconds, repeated 15 times, and the total optical emission was recorded. The background-subtracted RL response of the milled samples (Sample 1-3) are shown in Figure 1 , and the RL response of the unmilled sample (Sample 4) is shown in Figure 2 . The background subtraction was done by subtracting from the RL spectrum the averaged response between 200 and 250 nm. For the purpose of (1), the intensity C is the total integrated area of the RL response. In the case of BaFCl:Eu inorganic crystals, where most of the luminescence lies between 350 and 450 nm, C is defined to be the integral of the RL response between 350 and 450 nm. The error of the integral is calculated assuming Poisson statistics. The integral and its error for each sample are shown in Table 2 . 
CONCENTRATION MEASUREMENT
The concentration of Sample 1-4 was found through the use of XRF. An Eagle III mXRF instrument manufactured by Edax Inc 15 was used for concentration analysis. Initially, a linear calibration curve relating the concentration of BaFCl:Eu in cyclohexane to the Ba L α peak intensity was constructed using a set of concentration standards. From prior experiments, TBP was shown to have a negligible effect on the Ba L α peak intensity, and thus TBP is not included in the standards. The linear regression is fitted with the CERN data analysis framework ROOT, 16 version 5.20.00, and the fit takes into account the uncertainties in the concentration standards and the XRF peak intensities. By using the calibration curve, the concentration of BaFCl:Eu in each sample was found. The uncertainty associated with the crystal concentration was calculated by using the uncertainty associated with each fitted parameter and the uncertainty associated with the Ba L α peak. The volume fraction of BaFCl:Eu crystals and cyclohexane for each sample is listed in Table 2 .
It should also be noted that even though TBP was used in the milling process, subsequent XRF analysis indicated that only trace amount of TBP remained in the samples. Therefore, the contribution of TBP is not considered in the energy deposition calculations below. 
TOTAL ENERGY DEPOSITION
The x-ray energy deposition for each sample during the RL measurement was modeled in two steps. The RL system was first explicitly modeled using MCNP5, version 1.51, and the resulting x-ray energy spectrum was used to model the energy deposition process using Geant4, version 9.1.4. The RL system is described in Section 4, and a simplified representation of the geometry used in MCNP5 is shown in the insert of Figure 3 . In the simulation, 50 keV electrons were directed toward a molybdenum target situated at a 6 o take off angle. Characteristic and bremsstrahlung x-rays were produced in the target, and they were tallied at a sampling plane located 3.8 cm away, past a 0.3 mm thick beryllium window. The sampling plane was 1.2 cm x 0.4 cm, corresponding to the opening in the x-ray tube where x-rays are emitted. In this simulation, the BNUM option in the physics card was set to 50 to decrease simulation time. The x-ray spectrum generated is shown in the main part of Figure 3 . The x-ray energy deposition in the samples was simulated using Geant4. X-rays were generated according to the energy spectrum shown in Figure 3 , and were directed toward a 1 x 1 x 4 cm 3 sample 1.5 cm away. The sample contained some amount of BaFCl:Eu, found by XRF, with the bulk of the sample being cyclohexane. Contributions from TBP were not considered, as only trace amount was found in the samples with XRF. The sample was encapsulated by a layer of 0.125 cm quartz, corresponding to the quartz cuvettes used to hold the samples. If the x-rays interacted in the sample volume, then the amount of energy deposited by the x-rays was recorded in an energy deposition spectrum. The term E dep in (2) corresponded to the total integral of the energy deposition spectrum, and the statistical uncertainty was calculated by assuming a Poisson distribution of the counts. It should be noted that the total energy deposition was normalized by the x-ray exposure time, which was found through the use of x-ray flux per starting electron, given by the MCNP5 simulation, and the operating current of the RL x-ray tube. The total energy deposition for Sample 1-4 was simulated using one million particles, and the results are listed in Table 3 .
ENERGY DEPOSITION FRACTION
The fraction of energy deposited in the inorganic crystals was found through a series of steps. For a given electron energy, the path length of the electron was divided into many individual steps. During each step, the electron Figure 3 . The RL energy spectrum generated using MCNP5. A simplified geometry is shown in the insert. , and V are defined to be the step size, stopping power, and volume fraction of the component U . The stopping power data was taken from the NIST eStar database, 17 and the volume fraction was found with XRF. For a step size of 5 μm, the fractional energy deposition in the inorganic crystals for Sample 1-4 is listed in Table 3 . The statistical errors associated with this calculation stem from the uncertainties associated with the concentration measurement, and they are listed along with the energy deposition fraction values in Table 3 ..
RELATIVE LIGHT YIELD RESULTS
With the x-ray energy deposition in the inorganic crystals explicitly found using simulation and the energy deposition calculation, the measured RL intensity for Sample 1-3 was normalized to that of Sample 4. The relative light yield was calculated with (1), and the error was calculated using (3). The results are listed in Table 4 , and it is shown graphically in Figure 4 . The statistical errors are included in the calculation, systematic errors associated with the calculation will be evaluated in future work.
From Figure 4 , several observations can be made. First, after milling, the light yield of the inorganic crystals is greatly reduced. The reduction most likely comes from defects introduced into the crystals through milling. Also, it may be seen that the relative light yield decreases as a function of increasing particle size. The reason for this change is not clear, however, and will be investigated in future work. Table 1 . The statistical errors are included, systematic errors will be investigated in future work.
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